Background: Phytostabilization has been advocated as a promising approach to reduce mine tailings' adverse effects to surrounding environment. With many years of efforts in both laboratory and field trials, organic amendments are found to be essential in tailing revegetation. Yet, the associate geochemical dynamics caused by different amendments has rarely been examined. As reactive minerals are usually rich in tailings, geochemical changes induced by amendments would influence seepage management and revegetation strategies. The present study aimed to investigate geochemical dynamics in Cu-Au tailing leachate, in response to amendments with biochar produced from hardwood timber at high charring temperature or woodchips of mixed native tree species in a column leaching experiment under laboratory conditions. Results: Results showed that the Cu-Au tailings tested in this study were relatively stable after natural weathering, with little resilience of peak salinity, stable pH and low levels of metals in leachate against the six cycles of leaching over 20 weeks. In comparison with the control without any amendments, biochar treatment did not cause any substantial changes in most examined properties of leachate, except for the reduction in dissolved organic C and NO 2
Background
Organic matter amendment is a common practice in tailing rehabilitation. The addition of various organic materials is expected to increase soil carbon capacity, stimulate biological activities and also improve structural factors [1] [2] [3] [4] . As tailings are usually rich in reactive minerals, particularly pyrites and carbonates, the lifecycle of organic amendment in tailings will have to be associated with the hydrogeochemical processes driven by active mineral weathering and possibly impact seepage quality [5] . Meanwhile, hydrogeochemical stability is a critical factor affecting the fitness of plants established in tailings for phytostabilization [6] . As a result, it is useful to understand what geochemical changes can be induced by different organic matters in mine tailings in the short/medium term.
Mine tailings are slurry wastes from ore processing. For base metal mines (Pb/Zn/Cu/Ni), tailings are mainly composed of gangue and residue ore minerals normally rich in pyrites. For example, the Pb-Zn mine tailings from Mt. Isa of Queensland contain 6% to 35% of pyrite depending on the ore chemistry over the past several decades [7] . Similarly, the pyrite contents in the Cu/Zn tailings of Boliden (Sweden) were found to be up to 48.7% [8] , and up to 29% in the tailings of Quebec, Canada [9] . It is well known that pyrite oxidation is a major factor responsible for the acidification of mine wastes, which cause extreme salinity and metal toxicity, and generate acid mine drainage when carbonates are depleted [10] . Thus, mine tailings rich in pyrites are generally unstable in hydrogeochemistry. Recently, there has been an increasing awareness that such hydrogeochemical instability can be the primary constrain for plants' initial establishment in tailings and thus merits a systematic assessment for tailing rehabilitation [6] , especially when various amendments are used.
Plant biomass-based organic matter such as woodchips are commonly used in soil and mine waste remediation, while the application of biochar in mined land remediation has just recently been proposed [11, 12] . Woodchips are mainly composed of carbohydrates (65% to 75%) and lignin (18% to 35%) [13] . Therefore, as well as biosolids, manure and various industry organic wastes (e.g. paper mill), woodchips are supposed to ameliorate tailing environment by providing labile carbon and promoting microbial activity [11] . However, some studies have also implied that organic matter amendment may induce unwanted changes of tailing pore water chemistry, such as increased metal release by municipal biosolids [14] and cattle manure [15, 16] . These findings implied that organic matters, including woodchips, may be able to reactively interact with tailing geochemistry and impact seepage/leachate chemistry. Biochar is the pyrolysis residue of plant biomass and mainly composed of aromatic C at high charring temperature [17, 18] . As a popular soil ameliorator [19] , biochar has also been introduced into mine land rehabilitation recently. Based on a short-term (15 days) test [20] , biochar was found to be an ideal inert ameliorant for tailing remediation. Yet, how biochar amendment impacts tailing hydrogeochemistry in a longer term remains to be shown.
Therefore, the primary aim of the present study was to characterize the effects of woodchips and biochar on the geochemical dynamics of tailing leachate through a column leaching experiment. The specific objective was to determine the dynamics of leachate chemistry, indicated by acidity, salinity, common toxic elements and labile C, in neutral Cu-Au tailings with and without woodchips or biochar amendment under laboratory leaching conditions over 20 weeks. Column leaching has been used as a routine approach for assessing the geochemistry and toxicity of porous materials for many years [21] [22] [23] , and it was particularly useful for mine wastes as supposed to better simulate field conditions than the batch methods [24] [25] [26] [27] . Despite the significant deviation in leachate chemistry among replicate columns over time [23, 28] , column leaching was still thought to be a valuable approach to assess the medium-to long-term dynamics of mine tailings' toxicity and hydrogeochemistry.
Results

Leachate geochemistry
Electrical conductivity (EC) decreased sharply in the pure tailings in the first cycle and tended to be quasi-stable after three cycles of leaching (about 30 pore volumes of water). No substantial recovery of EC was observed after either 4-or 8-week extended weathering. Leachate pH of the EHM tailings kept relatively stable after 20-week leaching (Figures 1 and 2) .
The dynamics of leachate EC and pH in biocharamended tailings was similar to that of the pure tailings. In contrast, woodchip treatment had a substantial recovery of EC after each cycle and a lower median pH maintained over the six cycles.
The dominant anions were found to be sulphate (SO 4 ) were all found to be important in all the leachate. The dynamics of these ions was consistent with the pattern for EC of the corresponding treatments (Additional file 1: Figure S1 ).
Nitrite was only detected in the leachate of EHM, with a relatively stable concentration of around 2 mg L −1 , but not biochar and woodchip treatments (Additional file 1: Figure S2 ). Nitrate decreased sharply in all the treatment after the first cycle of leaching, and it kept a little higher in EHM than woodchip and biochar treatments.
The levels of common toxic elements in all the leachate solutions were not of concern, like Ni, Hg, Pb, Zn, and Cr (data not shown), except for As and Cu. The dynamics of Cu and As in the leachate was shown in Figure S3 in Additional file 1 and Figure 3 . Woodchip treatment sharply increased the release of Cu, and extended weathering obviously increased Cu release, which was not found for the pure tailings and the biochar treatment, as in the leachate was above Australian drinking water guideline for the first four cycles of leaching for all the treatments.
The dynamics of DOC and Fe was distinct from the patterns of saline and trace elemental ions (Figures 4  and 5) . DOC was nearly negligible at the first four cycles in the biochar treatment and had an obvious increase after extended weathering. The EHM tailings had much higher DOC than the biochar treatment throughout the leaching. The DOC of the woodchip treatment was at similar levels as the pure tailings at the first two cycles, but increased substantially in a wavy manner and kept highest then. Fe in all the treatments kept around 0.2 mg L −1 in the first two cycles, and after a sharp decrease in the third cycle, a steady increase was observed. After the third cycle, the concentrations of Fe in leachate were highest in the woodchip treatment.
Tailing mineralogy
The profiles of major crystal minerals were similar among all the samples, based on the XRD spectra shown in Figure 6 . [29] .
Due to the similar origination, it allowed a semiquantitative comparison of mineralogy among the samples of different treatments and sampling time, following the intensity ratio method described by Harris W [29] . As shown in Figure 6 , no apparent change can be detected between the original weathered tailings and tailings with and without organic amendment after six-cycle As in leachate (mg/L)
Number of cycle EHM EHM+20% woodchips EHM+10% biochar Figure 3 Dynamic of As in the first 50-ml leachate over six cycles of leaching. EHM, pure tailings; EHM + 20% woodchips, tailings with woodchip; EHM + 10% biochar, tailings with biochar amendment. ADWG stands for Australian Drinking Water Guideline (for more information, please refer to NHMRC website http://www. nhmrc.gov.au/guidelines/publications/eh34).
leaching. However, a substantial difference in carbonate (calcite and dolomite) content between the weathered and fresh tailings was found. The intensity ratio of carbonates to quartz was more than five times higher in the fresh tailings than that in the weathered tailings.
Organic amendment chemistry
The composition of C functional groups was analysed using solid 13 C NMR for biochar and woodchips before and after leaching. The NMR spectra were shown in Figure S4 in Additional file 1. Based on the peak assignment described above, the biochar used in this study is practically composed of mainly unsubstituted aromatic C, with a single broad NMR peak of around 120 ppm and remained unchanged after six-cycle leaching. The woodchips were composed of mainly cellulose and hemicellulose C with a small part of lignin C, and also remained largely unchanged after leaching, except that an obvious increase in aromatic C (peak around 138), though very little, was observed.
Carbon fraction and microbial respiration at the end of leaching Soluble (SOC) and microbial biomass C (MBC) and soil basal respiration (SBR) were determined at the end of the column leaching. The results showed that SOC, MBC and SBR were comparable in the pure tailings and the biochar treatment, while they were relatively high in the woodchip treatment. Especially, SOC and SBR were more than an order of magnitude higher in the woodchip treatment than the pure tailings and the biochar treatment ( Figure 7 ).
Discussion
Overall, the results in this study showed that (1) biochar was basically an inert amendment to tailing geochemistry, and (2) woodchips can impact tailing hydrogeochemistry immediately and substantially in a short/medium term. An interesting finding is that woodchip amendment, though beneficial for tailing revegetation by increasing labile C and microbial biomass, may have the potential to accelerate the weathering of tailings' reactive minerals, acidifying the pore water and increasing the release of saline ions and toxic elements.
High salinity has been reported to be one of the major constrains for tailing revegetation in many tailing impoundments [6] , especially in Queensland [30, 31] . Thus, knowledge on the dynamics of salinity in tailings is of primary importance for tailing revegetation. For the pure tailings, salts can be leached to a level of normal soil salinity after two cycles of leaching (1,400 ml, approximately 20 pore volumes), and salt recovery was negligible after prolonged weathering. The high EC at the beginning of leaching and its low resilience thereafter basically implied that the EHM tailings had ever experienced a highly reactive stage, which accumulated salts, and now are tending to be temperate in geochemical reactivity. This is in agreement with the results from the long-term on-site monitoring of EHM hydrogeochemistry [6] , and quite different from the pattern of hydrogeochemical stability of some coal mine tailings which had a high and rapid resilience of salinity even after 60-pore-volume leaching [32] . Quasi-stable hydrogeochemistry is a good sign for tailing revegetation as surface layer is the essential zone for plants' root development. The salinity of EHM tailings is dominated by gypsum type salts (Ca 2+ -SO 4 2− ) (Additional file 1: Figure S1 ). In soils and coal mine tailings of the Australian continent, the dominant salt is usually chloride (Na + -Cl − ) mainly accumulated through rainfall [33, 34] . Thus, the sulphate dominance can be a signature of historical pyrite weathering [35] . Both the leachate chemistry and mineralogy ( Figure 6 ) pointed to an active coupled dissolution of carbonates and pyrite at the early stage of EHM tailings since disposal. Pyrite is a ubiquitous iron mineral in metal ores and a well-known source for acid generation in mine land [10] . Ca/Mg carbonate minerals are also common gangue materials in mine tailings, with dissolution rates 3-order-of-magnitude faster than sulphide oxidation [36] . Consequently, in sulphidic metal mine tailings abundant in carbonates, pH can be well buffered as shown in this ( Figure 2 ) and previous studies [20, [37] [38] [39] , resulting in extreme salinity inevitably. This mechanism controlling tailing hydrogeochemistry has been well demonstrated elsewhere [35, 36] and again reflected in this study.
The biochar used in this study was found to be inert in terms of both tailing leachate chemistry and microbial activity (microbial respiration). We found little difference in leachate EC and pH, microbial biomass and soil respiration between the biochar treatment and the pure tailings. The biochar is practically composed of only unsubstituted aromatic carbon, which is consistent with recent findings that at higher production temperature (>500°C), wood chars only had aromatic structures left [18] . Biochar is generally hard to be used by soil microorganisms [40, 41] . The resistance of biochar to degradation has been well demonstrated in recent publications, like Kuzyakov et al. [42] who estimated that the mean residence time of black carbon in soils under natural conditions is about 2,000 years, and Olivier [41] who found that biochar cannot be directly utilized by soil microbial consortia as sole carbon source. Thus, the short-to medium-term effects Figure 6 X-ray diffraction (XRD) patterns for tailing samples used in this study. Prominent peaks were assigned as shown in the figure. EHM_weathered, tailings collected from the tailings impoundment weathered for several years and used for column leaching; EHM_fresh, fresh tailings from ore processing; EHM_leached, tailings after 6-month leaching in the column leaching experiment; EHM + 10% biochar, tailings with 10% biochar amendment and after 6-month leaching in the column leaching experiment; EHM + 20% woodchips, tailings with 20% woodchip amendment and after 6-month leaching in the column leaching experiment. of biochar on tailing geochemistry are normally through physical modification of tailing environment, like waterholding capacity and adsorption capacity [20] . The effect of biochar on the adsorption capacity of tailings was reflected by the retention of DOC in the biochar treatment, but not by metal release, as toxic elements were mostly not of concern in the EHM tailing leachate.
Different from biochar, woodchips substantially impacted the tailing leachate chemistry. The persistence of lower pH in woodchip treatment may be also related to the active microbial activity indicated by the sharp increase in DOC release, labile C, microbial biomass and soil respiration, as well as the slight modification of woodchip chemistry (Figures 4 and 7 , and Additional file 1: Figure  S4 ), as inputs of organic acids from litter decomposition and carbonate acid from microbial respiration were two important mechanisms responsible for soil acidification [43] . Meanwhile, Cu and Fe release was significantly enhanced by woodchip amendment. Mobility of Cu in soil is well known to be controlled by DOC and pH [44] , and we did find that there is a positive correlation between DOC and Cu concentration in all the leachate. It is not surprising that organic amendments can increase metal release into mine drainage [15, 16] . The increase of Fe release in woodchip treatment may be a response to enhanced pyrite weathering. Pyrite weathering in mine tailings was a factor of not only chemical environment but also microbial activity. Some tolerant microorganisms were found to able to survive tailing environment by oxidizing pyrite [45, 46] , generating acid and soluble iron. Therefore, the input of labile C from woodchips was also possible to enhance pyrite weathering and then increase Fe release. Taken together, woodchip amendment had the potential to enhance tailing weathering and lead to lower pH and increase in elemental release.
The steady release of nitrite in pure tailings and its total disappearance in the other treatments may imply that biochar and woodchips changed the N cycling of tailings by altering the redox environment or/and the microbial composition. Nitrite is an intermediate of soil nitrification/denitrification process and can easily react with O 2 [47] . Thus, nitrite dynamics in soil is related to both soil redox environment and microbial functional groups. Nitrite is normally low in oxic layer and may only accumulate where oxygen is depleted by organic matter decomposition [48] or microscale consolidation and nitrification is depressed [49] . Previous studies have revealed an unexpected diversity of microbes present in Cu mine tailings [50, 51] , and many of them are able to fix gaseous N [39] into tailing N pool. Reasonably, N-cycling microorganisms may have played important roles in controlling the N dynamics in the tailing leachate. For the pure tailings, the microscale consolidation was also possible, which can reduce O 2 availability and is favourable for nitrite accumulation.
It is worth to point out that the column leaching used in this study may be of limitations in predicating the real processes in the field. The actual weathering in the field can be much stronger due to dry-wet and heat-cold cycles, while the actual salt loss can be largely knocked off due to poor drainage conditions and topsoil salinization effects, which is quite common in tailing landscape [6] .
Conclusions
The Cu-Au tailing used in this study was shown to be relatively stable after decades of natural weathering. Biochar and woodchips had different effects on EHM geochemistry. Biochar was chemically and microbially inert, while woodchips can continue to degrade over time, buffer the release of major saline ions and even mobilize toxic elements in the long run. We speculate that fresh biomass amendment like woodchips may pose challenges for seepage management in a short/medium term since amending and the induced geochemical changes need to be considered in the strategy of tailing revegetation. Considering the distinct impacts of biochar and woodchips on tailing hydrogeochemistry, the combination of biochar and woodchips is of potential to be an ideal amendment for tailing rehabilitation.
Methods
Materials used in column leaching
Copper-Au tailings were sampled from the tailing storage facility of Ernest Henry Mine (EHM) in northwest Queensland in October in 2010. The primary minerals in the tailings comprised pyrite, magnetite and non-sulphide gangue such as carbonates and silicates [52] . The tailing samples for column leaching were collected from the weathered section. For comparison purpose, bulk fresh tailings were sampled in October in 2012 from the newly deposited section. The ratio of carbonates to pyrites (the company used this value to calculate potential acidification risks of tailings' long-term storage) in the fresh tailings has not changed substantially in recent years, within a factor of 1.5 (unpublished data). The tailings used have a pH of 8.1, EC of 8.4 mS/cm, 12.8% of Fe, 1.1% of S, 1.0% of Ca and 6.0% of Mg.
Woodchips were mixed biomass from tree pruning. After oven dried at 60°C over 48 h, the woodchips were ground and sieved through 2-mm mesh. The woodchips used have a pH of 4.3 and EC of 0.5 mS/cm. Biochar was produced from Jarrah timber wastes at about 700°C with 0.5-h residence time. The biochar has a pH of 10.3, C content of 91.5%, ash content of 2.35% and exchangeable cations (Ca 2+ , Mg 2+ , K + , and Na + ) of 11.3 cmol(+)/kg. Biochar was also ground and sieved through 2-mm mesh before use.
Column leaching
The column setup (Additional file 1: Figure S5 ) and leaching procedure referred an OECD method [53] with some modifications described in our previous study [32] . Each column contained 400-g tailings. Tailings were loosely packed into the column without compaction. Double-layer filter papers (110 mm, Filtech®, Australia; pore size 2.3 μm, 0.06% ash) were placed on the bottom of the funnel (Buchner 110 mm, Kartell®, Italy) before loading the samples.
Tailing amendment treatments were 20% woodchips (80-g woodchips + 400-g tailings) and 10% biochar (40-g biochar + 400-g tailings). The rates of woodchips and biochar amendment referred to those used in the field trial and laboratory studies [6, 20] . Leaching DI water was added from the top of the column gently through a plastic container with multi-hole at the bottom which was to prevent preferential flow. At each time, 70-ml water (approximately the pore volume of the tailings) was added first and was allowed to stand for 1 min to saturate the samples in the column [54] . Leachate was collected consecutively, and the tubes were changed every 50 ml. A water head greater than 0.5 cm was maintained during the periods of leachate collection to maintain nearly constant dripping rate, which was monitored manually. In total, 700 ml water (39.6 mm in height in the column, equal to long-term average monthly precipitation at Mt. Isa) was used for each cycle leaching. After leaching, the columns were left to air dry. Leaching was done every 2 weeks for the first four cycles, and then 4 weeks for the fifth cycle and 8 weeks for the sixth cycle to test the recovery of leachate salinity. Ten lots of 50-ml leachate were collected in each cycle for EC and pH analyses. The first 50-ml leachate of each cycle was stored in 4°C for elemental analysis. Aliquots of the first 50-ml leachate of each cycle were kept in −20°C for the analyses of anion and dissolved organic carbon (DOC). At the end of the column leaching, the columns were destructively sampled for NMR, X-ray diffraction, C fraction and soil respiration analyses.
Leachate chemistry
All the EC and pH were measured electrically immediately after the collection of leachate. Elemental and DOC analyses were done using ICP-AES in the Analytical Services centre within the School of Agriculture and Food Science, the University of Queensland. All the leachate was filtered through 0.45 μm (Minisart®, Germany) before analysis. Elements screened in the leachate included Al, As, Au, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, Si, Sr, Ti, U, V, and Zn. DOC was determined using ICP after the removal of inorganic C through acidifying the solution, as described by Stefansson et al. [55] . 13 C CP/MAS solid-state NMR Solid state 13 C NMR for woodchips and biochar (raw samples and at sixth month) was done in the Centre for Advanced Imaging, the University of Queensland, using a Bruker Advance 300 high-resolution NMR spectrometer (MA, USA) interfaced to a 7.05 Tesla ULTRA-SHIELD bore magnet system. Material was placed in the 4-mm zirconium rotor and rotated at 7 kHz. Usual parameters included 42-ms acquisition time with sweep width of 30 kHz; 2 K data points were collected. Crosspolarization time was between 1 and 4 ms. High-power decoupling was applied using tppm15 scheme. The scans were collected between 4 and 10 K. For char samples HPdec (single pulse with high-power decoupling) was used in some instances due to low amount of protons. Decoupling power was 55 KHz; between 500 and 2000 scans were collected with recycling time of 40 s. The spectra were plotted between −15 and 265 ppm, and the peaks in the spectrum were assigned to acetyl-CH 3 in hemicellulose (21 ppm), methoxyl-CH 3 in lignin (56 ppm), C1-C6 carbon in carbohydrates (63, 73, 89, and 105 ppm), sugars in hemicelullose (82 ppm), aromatic carbon atoms (127 to 167 ppm), esters and carboxylic acids (169 to 195 ppm) including acetyl groups in hemicellulose at 173 ppm [56] .
Mineralogy
X-ray diffraction for tailing mineralogy was done in the Centre for Microscopy and Microanalysis, the University of Queensland. Samples were analysed using a Bruker D8 Advance X-Ray Diffractometer equipped with a scintillation counter, graphite monochromator and Cu target (Bruker Corporation). The XRD operational conditions were as follows: 40-kV generator tension, 30-mA generator current, 2°to 70°2-Theta, 0.050°step size, 20-mm variable slits and 0.5 s per step. Prominent minerals were identified by EVA software (Palo Alto, CA, USA) with its embedded database and further checked manually according to reported mineralogical data. All the samples were air dried, ground, and sieved through a 1-mm mesh before XRD analysis. The analysed samples included the fresh EHM tailings, original weathering tailings for column leaching, and tailings of three column treatments after 6-month leaching.
Dissolved organic carbon and microbial carbon
Water-soluble organic matter was extracted by shaking pre-incubated soil (adjusted to 50% water holding capacity and incubated for 24 h) at a soil/water ratio of 1:2 on an end-to-end shaker at 20°C for 1 h. The mixture was then centrifuged at 4,000 rpm for 10 min and filtered through a 0.45-μm glass fibre filter. The microbial biomass was determined, following the chloroform fumigation methods [57] . Briefly, a pair of air-dried samples was adjusted to 50% water holding capacity and incubated at 25°C for 7 days. One group of the samples was vacuum fumigated with CHCl 3 vapour in darkness for 24 h. Both fumigated and non-fumigated samples were extracted with 0.25 M K 2 SO 4 and filtrated through Whatman No. 42 filter paper. Microbial biomass C was calculated as the difference of organic C in fumigated and non-fumigated samples using an Ec factor of 2.64. Organic C in all the extractions was determined by dichromate digestion method [58] .
Soil respiration
Soil respiration was measured using the conventional method by Chen et al. [59] . Briefly, 100-g oven-dried equivalent soil was adjusted to 50% water holding capacity and aerobically incubated at 25°C in a 1-L sealed glass jar for 7 days, and the CO 2 that evolved from the soil was trapped in 0.1 M NaOH. The residual NaOH was titrated with 0.05 M HCl to phenolphthalein endpoint. The evolved carbon dioxide was calculated from the difference in normality between NaOH blanks and samples.
Data analysis
All data was processed, and all figures were drawn using Microsoft® Excel (WA, USA). Data collection and primary analysis for NMR and XRD were done by the embedded software of the instruments as described above.
Additional file
Additional file 1: Figures S1 to S5. Dynamics of major cations and anions, nitrate and nitrite, and Cu, CP/MAS 13 C NMR spectra, and schematic diagram of the column leaching setup.
